Codon usage is the selective and nonrandom use of synonymous codons by an organism to encode the amino acids in the genes for its proteins. During the last few years, a large number of plant genes have been cloned and sequenced, which now permits a meaningful comparison of codon usage in higher plants, algae, and cyanobacteria. For the nuclear and organellar genes of these organisms, a small set of preferred codons are used for encoding proteins. Codon usage is different for each genome type with the variation mainly occurring in choices between codons ending in cytidine (C) or guanosine (G) versus those ending in adenosine (A) or uridine (U). For organellar genomes, chloroplastic and mitochrondrial proteins are encoded mainly with codons ending in A or U. In most cyanobacteria and the nuclei of green algae, proteins are encoded preferentially with codons ending in C or G. Although only a few nuclear genes of higher plants have been sequenced, a clear distinction between Magnoliopsida (dicot) and Liliopsida (monocot) codon usage is evident. Dicot genes use a set of 44 preferred codons with a slight preference for codons ending in A or U. Monocot codon usage is more restricted with an average of 38 codons preferred, which are predominantly those ending in C or G. But two classes of genes can be recognized in monocots. One set of monocot genes uses codons similar to those in dicots, while the other genes are highly biased toward codons ending in C or G with a pattem similar to nuclear genes of green algae. Codon usage is discussed in relation to evolution of plants and prospects for intergenic transfer of particular genes.
related to taxonomic order. Until recently, too few higher plant genes had been sequenced to draw significant conclusions on their codon usage. Interest in higher plant codon usage has been heightened by the recognition that monocots differ from dicots in codons used to encode proteins with the samc function in metabolism. Cerffand coworkers, prompted by their recognition of large differences in codon usage between the chloroplastic Gap2 genes of maize and dicots, were the first to systematically analyze codon bias of monocot and dicot genes (8, 28) . Corn Nir was found to be encoded by a very different set of codons than the Nir gene of spinach (2, 17) . We found that corn Nar codon usage was narrowly biased as compared to a Nar gene of Arabidopsis (10, 13) . A recent study of 207 plant genes confirmed that codon usage in nuclear genes differed between monocots and dicots (22) .
Our objective here is to take a broader view of codon bias in plants and to compare codon usage in the genomes of cyanobacteria, green algae, and higher plants. In analyzing codon usage in yeast, Bennetzen and Hall (4) considered a codon preferred if it is used in the set encoding 85% of the amino acids of the proteins. We have utilized their 85% criterion in this review to identify the preferred codons of higher plant and algal genes. We utilized Release 57 of GenBank as the source for nucleotide sequences, which are identified by their entry names. Plant genes sequenced too recently to be in GenBank have been assigned typical entry names. For those unfamilar with GenBank, Murray et al. (22) provided a detailed list of plant genes indexed to GenBank entry names.
The 64 codons found in the universal genetic code provide the information for controlling expression of the 20 amino acids in proteins and terminating message translation via stop signals. Eighteen of the amino acids are encoded by more than one codon, but Met and Trp have only one codon. The use of the synonymous codons in bacteria, yeast, and higher eukaryotes has been extensively analyzed (12) . For genes encoding abundant proteins in Escherichia coli and Saccharomyces cerevisiae, a set of preferred codons has been identified (Table I) . For both organisms, genes for less abundant proteins use a larger set of codons and show less preference toward the set encoding abundant proteins (4, 12) . Grantham (14) hypothesized that codon usage is genome specific and genes have a strong bias toward XXC/G3 codons (more than 90%). However, chloroplast genes of green algae, which are represented here by rbcL, have a preference for codons ending in A or U (Table I) . For the Chlamydomonas mitochondrial genome, only coxI has been sequenced and it shows a preference for 34 codons and 49% XXC/G (data not shown).
For higher plant chloroplasts, a large number of genes have been cloned and sequenced. Fifty preferred codons can be identified from a compilation ofthe codon usage of 39 protein genes of the tobacco chloroplast, for which the entire genome has been sequenced (32) . Using GenBank entries for higher plant chloroplast genes, we calculated the codon usage for rbcL genes of nine species (4 monocots and 5 dicots), as well as for a number of atp and psalb genes. The codon usage of Zea mays chloroplast rbcL with 49 preferred codons is representative of our results (Table II) . However, when a larger number of chloroplast protein genes are considered, which has been done for 136 open reading frames of the Marchantia polymorpha chloroplast genome (24), 31 preferred codons are found (Table II) . These preferred codons correspond to the 31 tRNA species encoded by the liverwort chloroplast genome, which are nearly the same as the tRNA species encoded in the tobacco chloroplast (24, 32) . Since the codon frequency of chloroplast genes is related to the concentrations of tRNA species in the chloroplast, the tRNAs encoded by the organelle's genome appear to be adequate to support protein synthesis by acting as isoacceptors for all codons (26) . Hence, it appears that the protein synthesis system of the chloroplast differs from E. coli in two respects: fewer tRNA species are used in chloroplast, and abundant chloroplast proteins are encoded with a larger number of codons than less abundant proteins, which is the opposite of the situation in E. coli (12) .
For cyanobacteria, a fairly large number ofgenes have been cloned and sequenced. The codon usage for rbcL genes of Anabaena and Anacystis nidulans is presented in Table II. These genes have a similar preferred codon set, but have a very different percentage of XXC/G. These differences were found in other genes of these two species including rbcS. The rbcL gene codon usage of Synechococcus was similar to that ofAnacystis. The rbcL gene codon usage ofAlcaligenes eutrophus was more biased with a set of 33 preferred codons and 92% XXC/G. Thus, it appears that codon usage in Anabeana and chloroplasts is similar, whereas the other cyanobacteria have a codon usage pattern more biased toward XXC/G codons, which is quite different from the chloroplast.
For the higher plant mitochondrial genome, genes for cox (4 monocots and 1 dicot) and atp (1 monocot and 2 dicots) as well as a few other genes have been cloned and sequenced. The codon usage of mitochondrial cox genes reveals a preferred set of 40 to 46 codons and 31 to 37% XXC/G (data not shown). While maize mitochondrial atp9 gene codon usage is narrower with a total of 37 codons used and a preferred set of 32 codons, it uses 33% XXC/G codons. Dicot mitochondrial atp genes have virtually identical codon usage patterns to those of maize. Thus, mitochondrial codon usage in higher plants appears to most resemble that found in bacteria and yeast, but with a lower percentage of total XXC/ G. It does not appear to be similar to chloroplast codon usage in that mitochondrial-abundant proteins are encoded with a smaller number of preferred codons; however, the percentage of total XXC/G is similar to the chloroplast.
CODON USAGE FOR HIGHER PLANT NUCLEAR GENES The codon usage patterns for a large number of representative Magnoliopsida (dicot) and Liliopsida (monocot) nuclear genes are collected in Tables III and IV , respectively. The system of Cronquist (11) was used to classify these higher plant nuclear genes. In addition to the basic characteristics of codon usage, we have provided a functional category for each gene, the total number of codons used to encode the polypeptide, and the percent of total codons encoded by XCG and XUA, which have been found to be avoided in encoding genes in eukaryotes (6, 14, 22) . Each species appears to have a unique codon usage pattern, but too few genes from individual species have been sequenced to allow this conclusion to be verified. Hence, we chose to place emphasis on the codon usage characteristics of subclasses and families rather than individual plant species.
For dicots, the codon usage of the 100 genes in Table III (Fig. 1A) . The codon usage of Fabaceae genes, which comprise one-third of the examples in Table III (Fig. 1B) . For corn genes, which comprise more than one-half of the examples in Table IV , the mean percentage of XXC/G is higher than the average, while for all the other grasses, it is lower. For the other subclasses Liliopsida, only three genes for two species have been sequenced, which have a much narrower codon bias than the grasses. It appears that the genes of grasses fall into two groups: (a) those with a narrow codon bias and a high percentage of XXC/G like the three non-Poaceae genes, and (b) those with broader codon usage and a lower percentage of XXC/G codons (Fig. 1B) . Clearly, when compared to the dicot genes, monocot genes use smaller sets of total and preferred codons with a much higher percentage of XXC/G codons. The percentages of the avoided codons also differ, [4] GUU/GUA GUU/GUC GUC/GUG GUU/GUA GUU/GUA GUU/GUA Pro [4] CCG CCA CCC/CCG CCU/CCA CCU/CCA CCU/CCA Thr [4] ACU/ACC ACU/ACC ACC ACU/ACA ACU/ACA ACU/ACA Ala [4] GCU/GCA GCU/GCC GCC GCU/GCA GCU/GAU GCU/GCA Gly [4] GGU/ GGU GGU/GGC GGU GGU GGU/GGA GGC lie [ (8, 22) . Most interestingly, the codon usage of monocots is most similar to that of mammalian nuclear genes, where two groups of genes are also recognized (1). The monocot genes of group 1, which are highly biased toward XXC/G codons, are similar to the nuclear genes of Chlamydomonas (Table I) .
Monocot genes of group 2 are more like dicot genes, but with a slightly higher percentage of XXC/G codons ( Fig. 1) . In comparing nuclear genes to organellar genes, it is obvious that the nuclear genes of both classes of higher plants use more codons ending in C and G than the chloroplast or mitochondrion. All 61 codons are used to encode the amino acids ofsome genes in nuclear, chloroplast, and mitochondrial genomes. The number of preferred codons is 31 for chloroplasts, 43 for mitochondria, 44 for dicots, and 38 for monocots. The preferred codons and percentage of XXC/G codons distinguish the nuclear and organellar codon usage patterns of higher plants.
For the nuclear genomes of higher plants, some genes encoding abundant proteins are well identified, but abundant proteins differ among tissues and cells of a plant as well as under different metabolic conditions. Keeping these considerations in mind, the genes for RbcS (10 dicot and 3 monocot sequences) and Cab (5 dicot and 4 monocot sequences) can be taken as representative of the most abundant nuclearencoded proteins in leaves (Table III and IV) . These dicot genes have a mean of 42 codons in their preferred set and 54.1 % XXC/G codons, while the monocot genes have a set of 32 preferred codons and 92.8% XXC/G codons. These nuclear genes for abundant leaf proteins are more biased than other higher plant nuclear genes, a situation which resembles codon usage in microorganisms where genes for abundant proteins are more biased than the average gene (4, 12) . Since corn is a C4 plant, two other genes encode abundant proteins of leaves, namely, phosphoenolpyruvate carboxylase and pyruvate, phosphate dikinase (MZEPEPCR and MZEPPDK, respectively, in Table IV ). Their codon usage is different from the other abundant leaf proteins in that they have a larger set ofpreferred codons and a lower percentage ofXXC/G codons (Table IV) . These are large proteins containing over 900 amino acids, and their codon usage illustrates a general trend that larger genes use more codons and have a larger set of (Table IV) . A second group of corn genes are represented by cytoplasmic Gap and Catl, which use a much larger set of preferred codons with less bias toward the XXC/G codons (Table V) . At least 10 other corn genes belong to this group and a number of genes from other monocots are similar (Table IV) . The codon usage of these genes is like that of dicots as illustrated by the codon usage of chloroplastic Gap from tobacco (TOBGAPA in Table V Although it may be premature to draw conclusions, some corn nuclear genes for proteins targeted for the chloroplast appear to have a much stronger bias toward XXC/G codons than genes for cytoplasmic enzymes. This is illustrated in Table V PETCHSR  PETGCR1  PETRBCS1A  POTINHWI  POTLS1 G  POTPATG  POTPIIIR1  POTRBCS  TOBATP21  TOBECH  TOBGAPA  TOBGAPB  TOBGAPC  TOBPRPR  TOBPXDLF  TOBRBPCO  TOBTHAUR  TOMBIOBR  TOMCAB7  TOMETHYBR  TOMHRGP  TOMPGR  TOMPSI  TOMRBCSB  TOMSOD1  TOMSOD2 (Table III) .
For corn Cat genes, tissue-specific expression appears to be related to codon usage (29) . Cat3, which is expressed strongly in leaves but is absent from the kernel, has a strong bias toward XXC/G codons (Table V) . Cat2, which is strongly expressed in scutellum but is absent from the kernel, has an intermediate codon bias (Table IV) . Cat 1, which is expressed in the kernel as well as the scutellum, is the least biased toward XXC/G and has codon usage similar to genes for root enzymes such as Adh and Suc (Table IV and V) . The storage proteins of corn are, of course, tissue specific in their expression and abundant proteins in the endosperm. The codon usage in genes for the corn storage proteins also seems to be of two types: some strongly biased toward XXC/G codons, while others are much less biased (Table IV) . The Glbl gene for the major globulin of corn embryos, which is believed to be a storage protein, has highly biased codon usage (3) . Some of the storage proteins have a biased amino acid composition and, consequently, use fewer codons. Tissue-specific expression in dicots appears unrelated to differences in codon usage. For example, Gls genes of pea, which are differentially expressed in leaves and nodules, have the same codon usage pattern (31) .
SIGNIFICANCE OF BIASED CODON USAGE IN HIGHER PLANTS
Higher plants are like other organisms in that each species has a unique codon bias with plants of the same taxonomic class maintaining a similar codon usage pattern. This is consistent with Grantham's genome hypothesis for codon usage (14) . Organelles of higher plants have codon usage patterns, which differ from those of the nuclear encoded genes. It has been stated that the codon usage in the chloroplast and unicellular organisms is similar (22) . However, when the rbcL gene for the most abundant protein of the chloroplast is considered, the resemblance to unicellular organisms such as E. coli and yeast is less evident (Tables I and II) . Codon usage for rbcL genes of cyanobacteria most resembles that of the rbcL gene in chloroplasts of higher plants, except that a higher percentage of XXC/G codons is used in these unicellular organisms (Table II) . In summary, higher plants, algae, and their organelles as well as the cyanobacteria fit the general hypothesis that an organism has a unique codon usage pattern with closely related organisms having similar patterns.
It is also clear that the codon usage patterns of the two major classes offlowering plants are more different than might be expected (Fig. 1) . For gymnosperms, only the Cab and RbcS genes of one species have been cloned (35, 36) . These genes have codon usage patterns very similar to the same genes in dicots, but with a higher percentage of XXC/G codons. Hence, codon usage in monocots has evolved to be very different from the other higher plants. However, it is not clear which of the higher plants is more like the ancestral genome (1 1). Despite this lack of knowledge of the ancestral genome, we can still suggest that a mechanism has been operative in evolution which is influencing coding sequences without affecting the gene product. This was first recognized by Grantham (14) .
What has driven this change in the coding sequence where differences are mainly found in the third base of codons? Brinkmann et al. (8) suggested that monocot genes with a high percentage of XXC/G codons were those induced by internal and external stimuli, but also recognized that some inducible genes in dicots were not unique in codon usage. For microorganisms, it has been suggested that codon usage and concentrations of isoaccepting tRNA have been balanced to optimize the synthesis of abundant proteins (4, 12) . It seems difficult to apply this concept to monocot codon usage, since some genes of abundant proteins are less biased than others and some rare ones just as biased as the abundant ones. Several other possible explanations for extreme codon bias have been offered including stability of mRNA, optimization of mRNA secondary structure, and optimization of the reading context for codons (12, 30) . But the manner in which these or other factors operate differently in monocots and dicots is not evident. Both the underlying driving force resulting in the Tables  IlIl and IV. extreme codon bias found in some monocot genes and its utility in plant metabolism and development are not clear at this time.
Mammalian nuclear genomes have a codon usage pattern with some resemblance to that of the nuclear genes of monocots. The human genome appears to be composed of patches of G + C rich regions among more A + T rich ones (1) . Thus, genes encoded in the G + C rich patches have a codon bias toward those codons with high content of G + C, but their introns and flanking regions also are G + C rich (1) . Apparently, this may not be the case in monocots, especially maize, where introns and flanking regions of the DNA for genes highly biased toward XXC/G codons are less rich in G + C (28) . Furthermore, the monocot genome does not appear to be composed ofpatches ofDNA differing in base composition (28) . However, more of the maize genome needs to be sequenced before this conclusion is firmly established.
Another observation made in relation to codon usage is the avoidance of the codons XCG and XUA (6, 22) . The reason for avoiding the codons XCG and XUA is not known (22) . For the XCG codons, it may be related to the frequent methylation ofcytosine in CG dinucleotides and the tendency for methyl-CG to mutate by deamination to TG, which may not be detected by the DNA repair system (6, 7) . Thus, in portions of the genome encoding expressed genes, CG is avoided or not methylated, which may be prevented by specific CG-binding proteins (7) . For the XUA codons, avoidance may be related to the use of UA as a stop codon in a simpler genetic code used in primordial organisms or it may also be due to the existence of UA-selective ribonucleases (6) . Thus, the avoidance of XCG and XUA codons may be due to different pressures on genomes (6) . In monocots, XCG codons occur with a very high frequency in some genes, while in dicots XCG codons are generally avoided. In contrast, XUA codons are more common in dicots than monocots.
Our analysis of plant nuclear codon usage included calculation of the frequencies for these codons, which appear to be significantly different between Magnoliopsida and Liliopsida genes as well as their subclasses (Tables III and IV) . These parameters may be useful aids in classification studies, when combined with the set of preferred codons and percentage of XXC/G codons. It should be noted that it is now possible to take advantage of even the limited number ofgenes that have been sequenced for analysis of plant evolution (20) . As can be seen from the analysis of codon usage presented here, species may be more easily distinguished and relatedness established by the nucleotide sequences of their genes than they are by the differences in the amino acid sequences of their homologous proteins.
Finally, some practical considerations should be discussed. A common practice in molecular biology is to transform a microorganism with a recently cloned gene in order to facilitate production of its gene product. This has been done for higher plant genes with some degree of success (22) , but the codon usage of the plant genes may result in low levels of expression. For sperm whale myoglobin, a high level ofexpression in E. coli was obtained by inserting a totally synthetic gene which had been designed with the bacterium's preferred codons (30) . Since the native gene for myoglobin has many codons not preferred by E. coli and was poorly expressed, it was concluded that codon usage was the most probable explanation for its limited expression (30) . However, it was suggested that a few nonpreferred codons can be tolerated, but as the frequency of the poor codons increases, expression of a gene will decrease in E. coli (30) . A similar conclusion was reached in studies of codon usage in yeast, which has more biased codon usage than E. coli (12) . However, it is impractical to synthesize large genes, and the best solution for expression higher plant genes may be the development of more compatible hosts such as cyanobacteria. Perhaps, the differences in codon usage between the two classes of flowering plants are of greater concern at this time, since these differences have implications for intergenic transfer of genes between monocots and dicots. Since monocots express both highly biased and less biased genes among their abundant proteins, it would appear that the codon usage ofdicots would not present a great barrier to these genes being expressed in monocots. However, the high-level expression of the highly biased genes of monocots in the dicot system may be a problem. Genes such as Nar and Nir of corn as well as the corn chloroplastic Gap (8, 13, 17, 28) may be very useful for experimentally testing the limits ofintergenic transfer in order to gain a better understanding ofbiased codon usage in higher plants.
